One plausible reason for the decline in cardiovascular disease (CVD), and in particular stroke, in the last century is population reductions in blood pressure. Blood pressure tracks from childhood into adulthood, and early-life blood pressure is associated with increased cardiovascular risk but few studies have reported on blood pressure trends among young individuals who are free of CVD and not taking antihypertensive medication. Knowledge of such trends may improve understanding of the causes of hypertension and enhance prevention. We report that declines in blood pressure have been taking place in high-income countries in 5 to 34-year-olds of both sexes and from a range of ethnic groups for at least the last 50 years, indicating that exposures acting in early life are important determinants of blood pressure. Possible explanations for these favourable trends include improvements in early-life diet and there is also intriguing evidence suggesting that blood pressure may be programmed by sodium intake in infancy. Occurring throughout the blood pressure distribution, these trends may have made important contributions to declining CVD rates. There may therefore be scope for intervening in early life to prevent high blood pressure in adulthood, and the downward trends reported in several recent studies suggest that the prevalence of adult hypertension and cardiovascular risk will continue to decline. However, persisting high rates of CVD in the developed world, the impending CVD epidemic in developing countries, along with increasing childhood obesity, and the possibility that favourable blood pressure trends may be plateauing point to the need for enhanced measures to control blood pressure, and for further research to improve understanding of its determinants.
Introduction

Blood pressure and cardiovascular disease
Rates of cardiovascular disease (CVD) in developed countries declined during the 20th century. Death from stroke decreased dramatically throughout most of the century, 1,2 with more recent reductions in coronary heart disease (CHD) mortality. 1, 3 Concomitant changes in cardiovascular risk factors have probably been important in these improvements. 4 For stroke and CHD, raised blood pressure is a major modifiable risk factor 5, 6 and randomised trials have convincingly demonstrated the benefits of blood pressure control. 7 Since blood pressure tracks from childhood into adulthood, 8 with those in the upper segment of the distribution in early life being more likely to have raised adult blood pressure, it can be hypothesised that elevated early-life blood pressure increases cardiovascular risk. To date, few studies have examined this hypothesis. Mildly raised blood pressure in male students, with a mean age of 19 years, attending Harvard and Pennsylvania Universities from 1916 to 1950 was associated with increased risk of CHD 9 and stroke 10 over the subsequent 50 years, findings that have been replicated in a follow-up of similarly aged male students attending Glasgow University, Scotland, from 1948 to 1968. 11 In both studies, even mild hypertension in early adulthood greatly increased cardiovascular risk. 9, 10, 12 Two large US studies have demonstrated associations between blood pressure in young individuals and subclinical CVD. In the Bogalusa Heart Study, a long-term study of cardiovascular risk factors from birth to 38 years, there was a positive correlation between the extent of atherosclerotic lesions in healthy youth killed in traffic accidents and prior blood pressure. 13 Similarly, in the Pathobiological Determinants of Atherosclerosis in Youth (PDAY) Study, a multicentre study of almost 3000 young adults who died of external causes and subsequently underwent autopsy, an index of ante-mortem high blood pressure was associated with accelerated atherosclerotic change in the coronary arteries. 14 
Secular trends in blood pressure in early life
Despite reductions in CVD rates, CHD and stroke remain major health problems, accounting for around one-third of all deaths in developed countries. 1, 15 Furthermore, CVD is projected to become the leading cause of death in developing countries by 2020. 16 Improved knowledge of the aetiology of elevated blood pressure can assist in reducing the burden exacted by cardiovascular conditions. Secular changes in blood pressure among individuals who have neither developed CVD nor taken antihypertensive medication may point towards the underlying population determinants of blood pressure. This review summarises the studies that have examined trends in blood pressure among children and adolescents aged 5-17 years, and young adults aged 18-34 years.
Methods
Medline databases for 1966 to October 2001 were searched systematically by one author (PMcC), using PubMed (http://www.ncbi.nlm.nih.gov/ PubMed), with the following search terms: ('blood pressure' OR 'hypertension') AND ('young adult' OR 'adolescence' OR 'adolescent' OR 'childhood' OR 'children' OR 'trend' OR 'trends' OR 'change' OR 'changes'). Articles were also identified by searching on authors who had contributed at least one relevant article, by using the 'Related Articles' function in PubMed, and hand searching of the references of all retrieved articles. Several national health surveys, which were freely available on the Internet from government agency websites, were also included.
The term 'survey' is used to refer to the crosssectional recording of blood pressure over a continuous time period, one or several years, for which an average blood pressure measurement is reported. A 'study' comprises several cross-sectional surveys from which trends could be evaluated.
Blood pressure measurement protocols
Details of survey methodologies are given in Table 1 . Owing to differences in these protocols, comparisons of blood pressure levels between studies are not justified. However, with the exceptions of training in blood pressure recording techniques, and details of calibration of the blood pressure device, there was a high level of protocol consistency within studies such that internal study comparisons are likely to be valid.
Trends in blood pressure
Details of six studies documenting blood pressure changes in children and youth are given in Table 2 17-22 as are 12 of the 15 studies reporting trends in young adult blood pressure. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Three further studies from the USA, 37 Italy 38 and Australia 39 provided measures of blood pressure change, but did not include actual blood pressures, and are described in the text.
Trends in blood pressure in children and youth In the US National Health (and Nutrition) Examination Surveys (NH(AN)ES), blood pressure was measured in representative samples of civilian children aged 6-17 years among all racial and ethnic groups and both sexes in the following periods: 1963-65, NHES I; 1966-70, NHES II; 1971-74, NHES III; and 1976-80, NHANES I. In both 6 to 11 18, 19 and 12 to 17 17, 19 year-old males and females the mean systolic and diastolic blood pressure declined between the two earliest surveys and the two covering the years 1971-80.
In the Bogalusa Heart Study blood pressure was recorded at 7-9 years and again at 15-17 years in two parallel cohorts first examined in 1973 and 1984, respectively. 20 In the youngest group little overall change was observed among either sex or race. In contrast, among 15 to 17-year-olds there were substantial reductions in systolic blood pressure in all groups except black males. Diastolic blood pressure changed less, small increments being seen in males, while females experienced small reductions.
In a further US study systolic blood pressure increased in 10 to 14-year-old boys and girls in all ethnic groups studied in Minneapolis from 1986 to 1996, while diastolic blood pressure declined. 21 The overall change was small, but increases in systolic blood pressure were greater in African-American (2.0 mm Hg) and Hispanic males (2.8 mmHg) than in non-Hispanic whites. Controlling for body mass index (BMI) attenuated the increasing trend in systolic blood pressure, but did not alter the trend in diastolic blood pressure.
Systolic blood pressure in population-representative 5 to 15-year-olds in the Health Survey for England, a series of annual surveys begun in 1990, declined from 1995 (when blood pressure was first recorded in early life) to 1998 by 1.4 mmHg in boys and 1.7 mmHg in girls, while a very small decrease of 0.1 mmHg in diastolic blood pressure was observed in both sexes, although this fluctuated considerably over the period of the study. 22 An approximation of the magnitude of the annual change in blood pressure in children and youth was 23 Systolic blood pressure fell in all groups except black females, and while there was no consistent pattern in the direction of change in diastolic blood pressure, a moderate increase was most often noted. A later report extending the period of observation to 1991 (NHANES III, phase one), using the data on 18 to 29-year-olds, and analysing means of all available blood pressure readings, found that while there were small increments in both mean systolic and diastolic blood pressure in males and females from 1960-62 to 1971-74, reductions were seen in all groups thereafter. 24 The findings indicate that there have been overall improvements in blood pressure profile in young US adults in the last 40 years.
Indeed, these favourable trends may have been occurring earlier. In an elegant utilisation of the data from NH(AN)ES surveys, Goff et al 37 constructed a series of birth cohorts covering the periodFfor young adultsFfrom approximately 1930 to 1975, and found that both systolic and diastolic blood pressure declined with each succeeding cohort. The 10th and 50th percentiles were estimated to be 1.19 and 2.40 mmHg lower, respectively, for every successive 10 years in date of birth. For diastolic blood pressure the corresponding reductions were 1.49 and 1.75 mmHg. Trends in blood pressure in early life P McCarron et al A final US study, from the Twin Cities, based on findings from the Lipid Research Clinic Prevalence Survey and from two random cluster surveys, the Minnesota Heart Surveys, reported continuous declines in both male and female mean blood pressure among individuals aged 25-34 years from 1973-74 to 1985-87. 25, 26 European studies have also described blood pressure trends. Among individuals aged 16-24 and 25-34 years who participated in the Health Survey for England over the period 1993-2000, 27 there was a small, approximately uniform decline in both systolic and diastolic blood pressure. In a comparable Scottish study, systolic blood pressure decreased marginally in all groups except 25 to 34-year-old women, who showed a minor increase, from 1995 to 1998, 28 while diastolic blood pressure increased modestly in all groups, except 25 to 34-year-old men, where it remained stable.
In a series of Danish cross-sectional population studies, there were very modest reductions in median systolic and diastolic blood pressure in 30-year-olds from 1978 to 1991. 29 In independent population samples from across Italy, the change in the mean of two seated blood pressure readings, taken after 4 min rest, was reported from 1978-79 to 1983-84. 38 Over this short interval, systolic and diastolic blood pressure decreased by 1.35 and 2.29 mm Hg, respectively, in 20 to 29-year-old men, with corresponding declines in women of 1.78 and 2.99 mm Hg.
In contrast to the reductions found in Denmark and Italy, two German studies reported slightly worsening blood pressure profiles. 30 In a series of cross-sectional surveys carried out in former East Germany, blood pressure increased in 25 to 34-year-old males from 1968 to 1992, but in similarly aged women, despite some fluctu ation, there was little change between the first and final surveys. 30 In former West Germany, both systolic and diastolic blood pressure showed moderate increments in three survey from 1985 to 1990. 39 Among 20 to 29-year-olds there was a small annual reduction in systolic blood pressure, equating to an overall decline over the 15-year period, of 0.74 mmHg in men and 3.3 mmHg in women. Diastolic blood pressure, however, increased steadily by 4.1 mmHg in men and 2.7 mmHg in women over the period. However, there were several differences in the protocols used in these surveys, whereas in three further population-representative cross-sectional surveys undertaken in the 1980s, a common protocol was employed. In these, age-and design-adjusted reductions in systolic and diastolic blood pressure in 25 to 34-year-old men of 3.7 and 2.8 mmHg, respectively, and in women of 2.3 and 1.3 mmHg were documented. 32 Data from two UK university student health surveys demonstrate large reductions in early-adult blood pressure from the 1940s to the 1970s. All students attending Queens University Belfast (QUB), Northern Ireland, from 1948 to 1977 had their blood pressure measured. Substantial declines in both systolic and diastolic blood pressure were noted in both sexes over the period. [33] [34] [35] Systolic and diastolic blood pressure, measured in approximately 50% of students attending Glasgow University, also displayed considerable declines from 1948 to 1968. 36 The crude annual blood pressure reduction in young adults, calculated using the same method as in younger individuals, was 0.26 mmHg for systolic blood pressure and 0.10 mmHg for diastolic blood pressure.
31
Trends in hypertension
Hypertension is rare in young people. Nevertheless, two surveys provided data on hypertension in children and youth, 17, 19 and seven studies documented trends in young adults. [23] [24] [25] [27] [28] [29] 36 Nine of these studies are summarised in Table 3 . One further study presented young adult data in graphical format and is discussed in the text. 26 
Trends in hypertension in children and youth
The only data on trends in hypertension in children are from the NH(AN)ES studies. From 1971-74 to 1976-80 there was a very small reduction in the proportion of children aged 6-11 years with elevated blood pressure (X140/90 mmHg); from 0.6 to 0.4%. 19 In youth aged 12-17 years, the proportion of participants with elevatated blood pressure declined from 6.4 to 3.6% over the same period. 19 Trends in hypertension in early adulthood Among participants in the US NH(AN)ES surveys the prevalence of hypertension (blood pressure X140/90 mmHg) rose in white males aged [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] years and in white females aged 25-34 years from 1960 to 1980. 23 In other age-sex-race groups the prevalence of hypertension declined. In an extension of the period of observation to 1991, increases in the prevalence of hypertension among 18 to 29-year-olds were observed among all groups between the first and second surveys, followed by reductions for black women and all white people. The proportion of hypertensive black men rose to 18.4% until NHANES II, but dropped steeply thereafter. 24 With the hypertension threshold at 160/95 mmHg there was a relatively uniform decline in the prevalence of hypertension in women throughout the period, while in both black and white men, the prevalence rose steadily to 1980, then declined dramatically.
In surveys from Minnesota, the proportion of 25 to 34-year-old men taking antihypertensive medication rose from 1973-74 to 1980-82, while there was a negligible decline in the proportion of hypertensive females. 25 In a further report from the same researchers, a histogram of the prevalence of hypertension (X140/90 mmHg) indicated that there was a small decline in the prevalence of hypertension in young males from approximately 10 to 8% between 1980 and 1987, while the proportion of females with hypertension remained unchanged at approximately 3-4%. 26 In the English Health Survey, the prevalence of hypertension in adolescents and young adults declined from 1993 to 1998. In Scotland, modest decreases occurred among 16 to 24-year-olds, but small increments were seen in 25 to 34-year-olds. 28 Among Danish 30-year-olds, the prevalence of hypertension dropped in both males and females from 1978 to 1991. 29 The 90th percentile of systolic blood pressure decreased by over 10 mmHg in both sexes, while the drop in the 90th percentile of diastolic blood pressure was 8 mmHg in men and 10 mmHg in women.
Finally, among students attending Glasgow University from 1948 to 1968 there were also reductions in the prevalence of mild (X140/90 mmHg), and more severe (X160/95 mmHg) hypertension, the greatest change being observed in females. 36 
Discussion
Surveys conducted in high-income countries indicate that at least over the last half-century blood pressure has declined in individuals aged 5-34 years. Among children and adolescents there were estimated annual reductions of 0.65 and 0.23 mmHg in systolic and diastolic blood pressure, respectively, with corresponding drops of 0.26 and 0.10 mmHg in young adults. Taken at face value, these reductions appear small, but the amplification of blood pressure with age is likely to render such early-life trends clinically important. The majority of studies demonstrated favourable trends in both average blood pressure and the prevalence of Trends in blood pressure in early life P McCarron et al hypertension, indicating that the declines have occurred throughout the blood pressure distribution. Before discussing the explanations and implications of these findings, it is important to assess the validity of the trends uncovered.
Methodological issues
A major strength of the studies reviewed is that most are population-representative, include both sexes, and describe trends extending from the recent past to over 50 years ago. In addition, several studies include blood pressure changes in participants from differing ethnic backgrounds; this, coupled with the broadly similar trends across these groups, strengthens the generalisability of the findings reported.
As shown in Tables 1 and 2 , the techniques and protocols for blood pressure recording used differed protocols both between and within studies, and, for some, protocol details were not documented. For comparison within a study, consistency of protocol is desirable and for most protocol characteristics there was good agreement across constituent surveys. Where protocols differed across surveys, the most likely effect of this would be to introduce random error or 'noise' into the analysis, thereby decreasing the likelihood of observing a consistent change across surveys. Furthermore, if, as might be expected, the quality of blood pressure measurements improved with successive surveys, the effect of this change in methodology would be a reduction in the number of outlying measurements caused by measurement error. Where only single readings were used to characterise blood pressure this will have again reduced precision. However, the magnitude of the effects observed will remain unaltered.
One potential source of bias is habituation, such that if in later years a higher percentage of individuals have already had their blood pressure measured, then they will have lower levels when their blood pressure is measured during a survey. However, since young people have blood pressure recorded infrequently, at most this bias is likely to have had a small effect on the findings.
Explanation of trends
While the factors responsible for the secular declines in blood pressure are not yet established, several influences may be responsible.
The blood pressure measurements in the studies reviewed were made in individuals who were overwhelmingly normotensive, and several studies were conducted before antihypertensive medication became widely available. Moreover, the use of antihypertensive medication cannot account for the downward shift over the whole blood pressure distribution. 24, 36, 37 Therefore, treatment effects do not explain the trends noted.
It was proposed that increasing BMI could account for the rise in systolic blood pressure noted in school pupils in Minneapolis, adjustment for which significantly reduced the upward trend in systolic blood pressure. 21 In contrast, blood pressure declined in English boys from 1995 to 1998 despite a rise in BMI. 22 Moreover, most studies reported downward shifts in blood pressure, and in Glasgow University students adjustment for age, height, BMI and socioeconomic position did not materially alter the findings, 36 suggesting that other factors must have a role.
Birth weight, which is inversely associated with subsequent blood pressure, 40, 41 has been increasing in developed countries since at least the 1970s. 42 It has been estimated that a 1 kg rise in birth weight would be required to produce a 2 mmHg drop in systolic blood pressure in 50-year-olds. 41 However, the small 40 g increase in the median birth weight over the 30 years from 1958 to 1986 in the UK, similar to increases recorded in other developed countries, 42 cannot account for the magnitude of the reductions we report.
The role of postnatal growth in determining later blood pressure is poorly understood, with conflicting reports of the role of childhood growth. 43, 44 Follow-up of a random stratified sample of UK children examined in 1935-37 found an inverse association between childhood height and blood pressure in late adulthood. 45 Leg length was the component of height that was most strongly related to blood pressure (D Gunnell, personal communication), but this effect was not seen in a cohort of adult males, despite the inverse association between leg length and CHD incidence. 46 Why the association should differ according to when leg length is measured has yet to be determined. Recent work also suggests that accelerated weight gain in early childhood increases the risk of elevated blood pressure in later life, partly mediated through the prediction of adult fatness, supporting the notion that reduction of childhood obesity improves adult cardiovascular risk profile. 47 In the future, improved understanding of the nature of fetal development and later growth, and the interaction between these, may help to explain patterns of blood pressure development and secular trends.
The role of diet has also been examined. A recent systematic review of trials of salt restriction reported that blood pressure reduction was related to success in reducing salt intake, although the effects were small. 48 However, in Dutch adolescents randomised to a low or a normal sodium (control) diet for the first 6 months of life, blood pressure was lower after 15 years in individuals in the intervention arm compared with the control group, suggesting that sodium restriction in infancy may have greater effects on later blood pressure than salt reductions in adulthood. 49 In a 13-year follow-up of premature infants who took part in an infant feeding trial, children who had been breast-fed had lower blood pressure than children who received either standard formula or preterm formula feed. The role of salt Trends in blood pressure in early life P McCarron et al could not be properly evaluated due to differing physiological needs of premature babies, but consistent with the earlier Dutch study, the findings argue for nutritional programming of blood pressure. Secular changes in infant nutrition are consistent with the hypothesis that changes in infant diet, possibly salt intake, have contributed to recent downward shifts in early-life blood pressure. Breast-feeding declined from the early 1900s to the 1970s, after which it rose. [50] [51] [52] Coincident with this rise, there were reductions in the salt content of formula food. 53, 54 Although further work is required, the evidence suggests that breast-feeding and reduced salt intake in infancy may have beneficial long-term cardiovascular consequences.
The findings from a US dietary trial in which there were substantial declines in blood pressure in individuals assigned diets rich in fruit and vegetables compared to controls on a more typical US diet demonstrate that diet in later life may be important. 55 Unfortunately, the data on trends in nutrition are less compelling, in part due to the complexity of accurate nutritional assessment. Nevertheless, reports from several countries provide some evidence that dietary changes may have contributed to the blood pressure changes we report. In the UK, vegetable, fruit and cereal consumption appears to have increased from the beginning of the 20th century up to the 1960s, 56 -58 a change which may have contributed to the favourable blood pressure trends among UK university students. 33, 35, 36 However, dietary habits may have worsened between 1950 and 1990 in UK, although the proportion of dietary fat consumed at the beginning of this period was much higher than is currently the case. 59 Over the last 40 years, there have been increases in vegetable consumption in the USA and decreases in animal fat consumption, but these positive trends have been offset by other dietary changes. 60 In Australia, there have been increases in fruit and vegetable consumption over the last 20 years coupled with decreases in dairy products, changes which may account, in part, for some of the favourable changes in blood pressure in the 1980s. 61 In former East Germany, overnutrition of mainly meat products was seen largely in males, in whom blood pressure rose, whereas females, whose blood pressure remained stable, were likely to consume less animal fat. 30 While it is likely that early-life diet contributes to later blood pressure, more research is necessary to properly understand the mechanisms of these effects.
Implications of findings
Since high blood pressure is the most important risk factor for stroke, the downward shift in the distribution of blood pressure in young individuals since at least the middle of the last century is welcome, and may have contributed to the declining rates of stroke and possibly also CHD. [1] [2] [3] Autopsy data from young US individuals showing positive associations between blood pressure and atherosclerotic precursors, 13, 14 and the decline in the prevalence of atherosclerosis from the early 1950s to the late 1960s in soldiers killed in Korea 62 and Vietnam 63 offer further support for this hypothesis.
Conclusions
The downward trend in blood pressure that has taken place in young individuals over more than 50 years may have contributed to the 20th-century declines in cardiovascular mortality in developed countries. Environmental changes are likely to be responsible and give optimism that continuation of these trends, and further reduction in cardiovascular risk, is possible. The upward trend in obesity among young people and the positive association between blood pressure and obesity, the rise in CVD rates in the developing world, 16 and the possibility that favourable blood pressure trends in young individuals may be plateauing or even reversing 21 underscore the need for population-wide preventive interventions and further aetiological research, in particular examination of the role of infant and childhood nutrition and growth, if continuation of the cardiovascular gains to date is to occur.
